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Abstract 
Populations of Asian countries have all but skipped the telephone landline method of 
communication; many have opted solely on mobile telephones for communication. 
Telecommunication for mobiles is via base transceiver stations or BTSs. The telecom 
providers are pushed to provide greater coverage taking their technology into remote areas 
away from grid power or into areas of the grid that are unstable. Sited in remote areas, 
several BTSs are some distance from the electricity grid and this poses a problem of power 
supply for these stations. Traditionally remote sites are powered by diesel generators.  
In this dissertation the cost effectiveness of introducing solar PV is investigating. Focusing 
on the most cost effective solutions of solely generator produced power and comparing the 
results to the most economic amount of solar PV produced power. The research case 
studies centres on two locations namely Laos and Thailand. The method of research is a 
desktop analysis using Homer modelling software for energy systems. Figures for the cost 
of components were gathered from two sources one in Laos and the other in Thailand. The 
results are tabulated, and analysed. Although the technical feasibility aspects are not 
investigated it is assumed by the author that the proposed solution is viable. 
This dissertation shows that using solar PV for remote stations away from the grid is a cost 
effective method to power these sites, even with variations in price of fuel, solar resource 
and the considered load of the BTS site. 
The benefits of a PV System are: 
• The overall levelised cost of electricity is significantly lower. 
• Although the capital outlay is more for a PV system the operational costs are much 
lower. 
• The impact of increased fuel prices is very small with solar PV integrated into the 
system.   
• Even with a marginal solar resource there is still great value from choosing solar. 
• As the size of the BTS site load increases there is also a greater cost saving. 
• The autonomy of the system is increased. 
• Less environmental damage.  
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Chapter 1 - Introduction 
Populations of Asian countries have all but skipped the telephone landline method of 
communication, and many have opted solely for mobile telephones for 
communication.  
This dissertation will include a case studies concentrating on Laos and Thailand, as 
both have large rural based communities; Laos 80% of the population live in rural 
areas (Sounakhen 2011). Also they both have high uptake of mobile phones compared 
to population.  
To quantify the mobile usage in Laos and Thailand, in 2012 it was estimated that Laos 
had 5.8 million mobile phone subscribers (Buddecom 2014) and Thailand almost 80 
million (Siu and Sumner 2013). This compared to the population of Laos of 6.7 
million in 2012 (World Bank 2014a) and for Thailand 66.8 million (World Bank 
2014b). The figures show that in 2012 in Laos 85% of the population owned a mobile 
phone where as in Thailand there were 1.2 mobile phones per person. 
Telecommunication for mobiles is via base transceiver stations or BTSs. A Base 
Transceiver Station or BTS is a term used for a physical base station, primarily used 
for mobile phone transmission. Basically the BTS comprises of an antenna and radio 
equipment used to communicate with mobile stations and mobile phones.  
To accommodate this amount of mobile phones and provide mobile coverage, a major 
shareholder in Thailand mobile telecommunications, Advanced Info Service plc (AIS) 
who owns 53% of the market by revenue and have more than 15,000 BTS sites across 
the country (AIS Website 2014). In comparison Laos’s Unitel’s total number of BTS’s 
reached 1,278 in 2011. Unitel holds only 15% of the markets subscribers (Cambodia 
and Laos Telecommunications Report Q4 2011). 
BTSs are sited to provide a given coverage area receiving and transmitting mobile 
signals in this area to and from base stations controllers and mobile phones. A BTS 
has a given physical coverage range and it is the mobile providers aim to cover as 
much as the country as possible so to provide mobile phone coverage to entire regions 
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many BTS’s are used.  The telecom provides are pushed to provide greater coverage 
and are taking this technology into remote areas away from grid power or into areas of 
the grid that is unstable. Sited in remote areas, several are some distances from the 
electricity grid this poses a problem of power supply for these stations. Traditionally 
remote sites are powered by diesel generators.  
Diesel generators are considered to be a polluting method of producing power where 
as solar PV is considered to be clean. It was estimated in 2010 that 60% of the power 
required for telecom towers in India was met by diesel generators (Telecoms 
Renewable Energy Vendors/ESCOs Landscape in India 2010) and a single Rural BTS 
emits 60 tonnes of CO2 per year (Mehrotra and Prasad 2012). 
Another advantage of Solar PV is that there is less on-going maintenance for solar but 
the main advantage is that the traditional solutions of diesel generators requires diesel 
fuel which can be costly to buy and deliver. From 2007 to 2008, the average price of 
diesel rose by more than 50% worldwide (Telecoms Renewable Energy 
Vendors/ESCOs Landscape in India 2010). Also it can be problematic to transport 
diesel to remote sites especially in the wet season. So there is good reason to consider 
using solar PV compared to diesel fuel power. 
This dissertation will investigate the research question whether solar PV is a cost 
effective method of providing power for remote telecom stations in Asia. 
 
 1.1 Research Objectives 
 
The specific project objectives to address the aim of this dissertation are 
1. Conduct an economic feasibility study that investigates the cost effectiveness 
of supplying power with solar PV and diesel generators for off grid case study 
BTS sites in Laos and Thailand specifically. 
2. Within the economic feasibility study investigate the most cost effective mix of 
solar and diesel generator. 
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3. Analyse the effect of changing variables such as fuel price on proposed and 
existing systems, solar resource – considering how the system may perform in 
different areas of Asia and how load sizes may influence the economics of 
choosing solar PV over diesel generators.    
4. Discuss the implications of the findings of the case studies in the context of the 
broader research question of whether solar PV is a cost effective method of 
providing power for remote telecom stations in Asia. 
 
 1.2 Overview of the methodology 
 
Using Homer a software modelling tool with site specific data for solar resources for 
Laos and Thailand and data collected for costs of system components analyse the most 
optimised system in relation to the economics of supplying power to remote off-grid 
BTSs via solar and diesel generators. 
Results from Homer was used to critically analyse whether it is economicaly feasible 
to supply power with solar PV compared with the traditionally diesel generators for 
the case study BTS sites. 
Further research will be carried out by changing variables – undertaking a sensitivity 
analysis of fuel price, solar resource and BTS loads.    
Also the dissertation will discuss the implications of the findings of the case studies in 
the context of the broader research question of whether solar PV is a cost effective 
method of providing power for remote telecom stations in Asia. 
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 1.3 Overview of the structure of the dissertation 
 
The dissertation will start with researching existing and proposed system configuration 
to see how they are achieved and document the findings. This will be the reference 
point of the Homer simulation components. The costs of components will be collected 
by contacting relevant companies in case studies countries and requesting data. The 
size of components will be calculated and entered into Homer. The Homer simulations 
will be run and the output data analysed and the data documented. Once all this is 
done, conclusions will be drawn from the results. 
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Chapter 2 - Literature Review 
Mobile phone technology is not new; it dates back to the 80s. What is a relatively 
recently development is the sharp uptake of mobile technology especially in Asia. Will 
Greene reinforces this on the Tiger Mine websites ‘It’s well known that Southeast 
Asia is a large and fast-growing market for mobile technologies’ (Green, 2014). 
A global historic perspective was given in 2008 by the Fiji Times reported that ‘global 
mobile penetration is expected to reach 50 per cent by early 2008’ (The Fiji Times, 
2008). This compared to latest figures in an article from management today it 
estimates that there are 7.1 Billion mobile phones in the world (Mobile phone usage in 
Australia 2014) – a penetration of approximately 98%. This is nearly a twofold take up 
rate in 6-7 years. 
Comparing some of the Asia countries mobile penetration, in the Asian pacific region 
there is diversity in the member countries wealth but the penetration of mobile phones 
is still high. Table 2.1 compiled from statistics published by Wikipedia demonstrates 
that even developing countries like Cambodia and Laos still have mobile phone 
penetration of 69% and 85% respectively.   
 
Table 2.1 Selective Asian Pacific Countries - Mobile Phone Penetration 
 
Australia 
(2011) 
Cambodia 
(2013) 
China 
(2013) 
India 
(2012) 
Indonesia 
(2011) 
Laos 
(2012) 
Thailand 
(2013) 
Mobile 
Phones 
29.3 
Million 
15.3 
Million 
1.22 
Billion 
919.2 
Million 
220 
Million 
5.8 
Million 
88.82 
Million 
Penetration 
rate 129.48% 69.32% 69.2% 76% 92% 85% 131.84% 
Source Wikipedia 
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Other data released by Will Greene on the Tiger Mine website show that Laos and 
Cambodia having even greater mobile phone penetration, in fact, greater than 
population in 2012 as detailed in Figure 2.1 (Green 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If we consider Thailand’s future estimated mobile uptake, figures published in 2013 
from the Industry Report Telecoms and Technology for Thailand (Industry Report 
Telecoms and technology Thailand 2013) the expected increases in mobile 
subscriptions are 33% by 2017. 
 
 
 
 
 
Figure 2.1  Mobile Subscriptions per 100 People in Southeast Asia (2008-2012) 
Figure 2.2  Thailand Mobile Phone Subscriptions (2009-2017) 
60,000
65,000
70,000
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80,000
85,000
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Thailand Mobile Subscriptions ('000)
a Actual. b Economist Intelligence Unit estimates. c Economist Intelligence Unit forecasts.
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The mobile take up is not only in suburban areas, the take up for rural inhabitants are 
increasing, for example in rural India penetration is only about 20%, but one out of 
every two subscribers added in India today comes from a rural area and that 80%, i.e., 
560 million people in rural areas lack cell phones (Mehrotra and Prasad 2012). This 
may suggest that the suburban population is reaching saturation point but there are 
many in rural areas without mobile phones pointing to a potential market for telecom 
infrastructure in rural areas. 
Telecommunication for mobiles is via base transceiver stations or BTSs. Basically the 
BTS comprises of an antenna and radio equipment used to communicate with mobile 
stations and mobile phones. The principal is still a radio signal. The first radio was 
demonstrated by Guglielmo Marconi in February 1896 over a distance of one-and-
three-fourths miles on Salisbury Plain (Dubendorf 2003). Since then the system of 
sending radio signals have matured. Dubendorf listed the development landmarks of 
mobile telephone:   
• 1946 - First car-based mobile telephone set up in St. Louis, using ‘push-to-talk’ 
technology 
• 1950 - TD-2, the first terrestrial microwave telecommunication system, 
installed to support 2400 telephone circuits 
• 1950s - Late in the decade, several ‘push-to-talk’ mobile systems established in 
big cities for CB-radio, taxis, police, etc. 
• 1950s - Late in the decade, the first paging access control equipment (PACE) 
paging systems established 
• 1960s - Early in the decade, the Improved Mobile Telephone System (IMTS) 
developed with simultaneous transmit and receive, more channels, and greater 
power 
• 1962  - The first communication satellite, Telstar, launched into orbit 
• 1977 - The Advanced Mobile Phone System (AMPS), invented by Bell Labs, 
first installed in the US with geographic regions divided into ‘cells’ (i.e. 
cellular telephone) 
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It was not until the 1980s that the technology had matured to see the introduction of 
pagers and wireless telephones for consumers and the introduction of cellular 
equipment and the BTS model of mobile telecommunications. 
ASEAN country members are increasing their efforts to diversify sources of fuels, in 
an ASEAN report named ‘Investing in ASEAN – One Vision, One Identity, One 
community’ (Investing in ASEAN 2012), it mentioned that renewable sources are high 
on the agenda. With Thailand plans to generator 20% of its energy needs from 
renewable sources including solar by 2022. It also states that Laos is focusing on 
biofuels but also has the potential to develop solar. 
In Laos the first PV systems were reportedly introduced in the early 1980s by 
telecommunication companies, up to the year 2003 more than 122kWp of solar 
systems were installed. This was due to the fact that the grid expansion was limited 
(Nanthavong 2011).  
In a report by Saviva Research it mentions that ‘green’ telecom towers (BTS’s) 
comprise just 1 precent of total towers worldwide. It estimates that there are 5 million 
towers worldwide, 3 million of which are in developing countries, 1-1.5 million of 
which are tied to unreliable grids and 640,000 of which are completely off-grid, only 
55,000 towers are serviced with a hybrid mix of “green” energy technology and diesel 
generation sets. (Hybrid Energy Systems for Telecom Towers 2013) 
By interviewing a number of BTS tower companies, it was found Indus Towers plans 
to set up 2,500 solar powered sites by end of 2011and Bharti Infratel will install 1500 
solar powered sites in a similar timescale. Also, most parts of India receive good solar 
radiation (4-7kWh/sq.m) therefore allowing solar solutions to champion the reduced 
consumption of diesel for power generation. (Telecoms Renewable Energy 
Vendors/ESCOs Landscape in India 2010) 
 
Transition Solutions of India provide custom built system for telecom BTS’s to meet 
loads from 200W to 1600W reducing the dependency on diesel generators. An 
example is shown in Figure 2.3. 
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Source Transition Solutions website 
 
Sunlabob, a private company based in Laos is venturing into Myanmar with its 
“Telecom Tower—Village Power” concept supplying both power to remote telecom 
stations and villages close by. On the Sunlabob website it mentions there is 
opportunity of partnering with the rapidly expanding telecommunications industry, 
particularly by providing reliable, affordable power to off-grid telecom towers and 
then to rural communities. ‘Myanmar’s low rate of electricity access presents 
substantial opportunity for commercially-viable approaches to rural renewable energy 
development to displacing diesel generators though solar PV plants.’ (Sunlabob 2014) 
E-site is an energy solution company that concentrates on BTS power by renewable 
energy (solar and wind). The E-site solutions have demonstrated that it can reduce 
BTSs’ diesel fuel consumption and CO2 production, by as much as 90 percent and to 
reduce energy related operating expenses by over 80 percent (Telecoms Renewable 
Energy Vendors/ESCOs Landscape in India 2010). 
ACME is a solar power company providing solutions for both thermal and 
photovoltaic technologies. They have been focused primarily on the Indian market, but 
now have a footprint in 5 African countries they have installed approximately 100 
turnkey solar sites using the PPA model and have a backlog of 1500 sites (Telecoms 
Renewable Energy Vendors/ESCOs Landscape in India 2010). 
Figure 2.3  Transition Solutions Solar PV BTS 
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The global horizontal irradiation in Asia is mainly between 1400 – 2200kWh/m2/year 
which corresponds to 3.8kWh/m2/day to just over 6kWh/m2/day as displayed in figure 
2.3 (Solargis website 2014) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source SolarGIS © 2014 GeoModel Solar  
Figure 2.4  Global Horizontal Irradiation - Asia 
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Chapter 3 - Methodology 
 3.1 Existing and Proposed Power Supply 
Existing power supplies for remote BTS sites use either one or two diesel generators. 
An article by Wissam Balshe states that ‘most cell tower operators in North America 
and Europe use one diesel-fueled generator for emergency backup to the main utility 
power. But in developing countries and prime power markets, two generators are 
typically used’(Balshe, 2011). The generators will alternating with each other supply 
power in turn. Figure 2.1 illustrates a traditional power supply for a remote BTS site as 
described in the document ‘The Power Supply for the BTS sites’ (The Power Supply 
for the BTS sites 2006). One of the two generators supply power periodically for 
periods of 6 – 12 hours each, supplying power to the BTS equipment and charging the 
batteries if needed. The automatic transfer switch (ATS) allows only one of the two 
generators to supply power (the running generator) while avoiding feeding power to 
the inactive generator. The rectifiers convert AC power (normally 200-240V) to DC 
power (48 and or 24V) for the BTS equipment. Should both generators fail, the 
rectifier fault or there is an issue with the ATS, the batteries can be used as a backup 
until the problem is resolved. Typically the backup time is 1-3 days (Renewable 
Hybrid / Off-grid Solutions 2005). The alarm system monitors the equipment and 
sends data back to a control centre which assess any faults ready to dispatch technical 
assistance to rectify ant faults on the system. The batteries are sized to provide enough 
backup time so that technical support can be dispatched to the site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Generator 1 
Generator 2 
Automatic 
Transfer Switch 
Rectifier(s) 
Battery Bank 
Alarms 
Rec. 
Figure 3.1  Existing Power Supply 
ATS BTS Equipment 
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Figure 2.2 illustrates the proposed alternative to the traditional power supply for 
remote BTS sites as defined in the article Hybrid Wind/Solar Power for Rural 
Telephony Green Solution to Power Problems (Panigrahi et al, 2008). The solar PV 
and the generator supply power to the site. The proportion of PV depends upon how 
economical the PV power is in comparison with the diesel generated power 
specifically the initial outlay and the price of diesel fuel delivered to site. Although it 
is possible to supply power by solar PV alone with battery storage it is favoured that 
the diesel generator is included in the system as a backup power source. One or both 
of the power sources supply power to the BTS equipment and charge the batteries if 
needed. The charge controller maintains the power to the sites BTS equipment while 
charging or maintaining the charge to the batteries. The rectifiers convert the generator 
AC power (normally 200-240V) to DC power (48 and or 24V) for the BTS equipment. 
Should both power sources fail, the rectifier(s) or the charge controller fault the battery 
can be used as a backup until the problem is resolved. The alarm system monitors the 
equipment and sends data back to a control centre which assess any faults ready to 
dispatch technical assistance to rectify any faults on the system. The batteries are sized 
to provide enough backup time so that technical support can be dispatched to the site 
as well as consideration for night time use and low radiation times when the solar PV 
is not producing – to provide a backup source of energy. 
 
PV 
Ar
Rectifier(s) 
CC 
Charge Controller 
Battery Bank Generator 
Rec
Figure 3.2  Proposed Power Supply 
BTS 
Equipment 
Alarms 
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 3.2 Modelling with Homer: Analysis of Cost Effectiveness of Systems 
 
To assess the cost effectiveness of the systems they are modelled and simulated in 
HOMER Version 2.68 (beta), a micropower simulation software package developed 
by the National Renewable Energy Laboratory (NREL). The input data is used in the 
simulation is listed in table 3.4 and 3.5 where data for all inputs including costs are 
detailed. Homer’s optimisation and sensitivity analysis algorithms will allow the user 
to evaluate the economic and technical feasibility of a number of options. It is 
important to note that Homer will calculate the most economical solution for the 
system but certain components need to be sized or ascertained such as the load of the 
BTS, battery size, rectifier size and generator size. These need to be calculated 
beforehand. 
 
 3.2.1 The Load of the BTS Site 
 
BTS sites come in many sizes depending upon the number of components of the 
system including the transceivers. For this research the load is assumed to be an 
average of 1.7kW this is taken from the research paper ‘Solar-Diesel Hybrid Energy 
Model for Base Transceiver Station (BTS) of Mobile Phone Operators’ (Chowdhury 
and Aziz  2012). So with the instantaneous load of 1.7kW, the daily consumption is 
40.8kWh. Most BTS equipment operates from a nominal -48V DC bus, the value 
chosen is high enough to achieve low losses in transmission lines but safe enough not 
to electrocute people. Also 48V DC is easily achieved using batteries either 4 x 12V 
battery cells or 24 x 2V battery cells. The positive grounding to achieve the -48V bus 
was traditionally used also as a negative voltage line was better in preventing 
electrochemical reactions that deplete the copper cables when wet. Negative voltages 
also avoids the sulphation on battery terminals and early battery failure (Balshe 2011)   
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Figure 3.1 is the Homer input panel illustrating a typical load, showing the daily 
profile of 1.7kW instantaneous load and variability in the load on a daily and monthly 
basis.  Homer can model a random variability to the load to simulate a realistic 
situation. The variability is 5% for day to day variation and time step to time step 
which is hourly.  
 
 
 
 
 
 
 
 
 
 
  
 3.2.2 Consideration of Redundancy in Power System 
 
In engineering terms redundancy is the duplication of critical components in a system. 
The aim is to improve the reliability of the system. For a BTS site the power system 
incorporates redundancy two fold, it has duplicate critical components such as 
rectifiers and secondly having more than one source of power, in this case two 
generators or a generator and a solar PV system. So if one should fail than there are 
others that will continue working supplying power to the load. The rectifiers are 
modular components and it is normal to have a bank of rectifiers as well as an extra 
unit working in parallel. So in the event of one of the rectifiers failing then the rest can 
meet the load as well as charge the batteries. 
Figure 3.3  Typical BTS Load 
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 3.2.3 Battery Sizing 
 
The batteries will act as an energy storage medium, storing power during times of high 
solar radiation or generator use and releasing energy to supply the BTS load during 
times of low or no solar or no generator. More importantly for the security of power 
for the BTS equipment, making sure the site is powered continuously, the batteries act 
as a backup in case of major power equipment failure. Should a critical component of 
the power system fail, such as the charge controller or the generator, the batteries will 
supply energy to the BTS equipment for a given time (known as the battery autonomy) 
so that assistance can be dispatched. Typical autonomy for a BTS system is taken from 
a paper from Delta Products Corporation (Renewable Hybrid / Off-grid Solutions 
2005) where is suggests for a standalone PV system for a BTS site the required 
autonomy is between 24 and 72 hours (1-3 days). For this paper the autonomy will be 
taken at 2 days. The depth of discharge (DoD) is a term used to describe how low the 
batteries are allowed to discharge by the system before an external power source is 
dispatched, in this case the generator or the solar PV comes on line.  The value is 
taken from the Chowdhury paper (Chowdhury and Aziz  2012). They suggest that the 
depth of discharge should be 70%.  
To achieve a given battery anatomy the following calculation is used: 
ℎ =
			

		
  
Where: 
Cah = the size of the battery in Amp hours 
A = the autonomy in Days 
DL(Wh) = Daily Load in Watt hours 
Vdc = Battery Voltage 
DoD =  depth of discharge 
 
 
So 
The autonomy is taken to be 2 days so A = 2 days 
DL = 40800Wh 
Vdc = 48V 
DoD = 70% 
So the calculated battery size is: 
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= 2429Ah 
So the nearest battery size is 2 banks of 1000Ah giving 2000Ah. 
The type of batteries chosen will be Hoppecke OPzV sealed lead acid batteries suitable 
for deep cycle discharge and telecom sites as taken from suggested applications for 
Hoppecke OPzV data sheets (See Appendix A). 
 
Table 3.1 Battery Specifications 
Type Cnom/1.80V Ah 
C10/1.80V 
Ah 
C5/1.77V 
Ah 
C3/1.75V 
Ah 
C2/1.67V 
Ah 
10 OPzV 1000 1000 1200 1040 906 646 
Data Taken from Hoppecke Data Sheet – See Appendix A 
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 3.2.4 Rectifier Bank Size 
 
The rectifier bank is sized to provide enough power to the load as well as charge the 
batteries. The load being 1700W is the lower limit and the upper limit would be the 
load plus the batteries maximum charging current. The maximum from data sheet that 
the battery will accept is a charging current of 200A per bank or 400A in total. So the 
maximum is 1700W plus 19200W total 20900W. It would be uneconomical to supply 
a rectifier of this size in this situation so a typical rectifier bank would be 4500W made 
up of 3 1500W rectifier units. So 1500W would go to the load and 3000W to charge 
the batteries which equates to 62.5A. This provides some redundancy also. Should a 
rectifier fail the other two can maintain the plant, with load being provided for and 
31.25A available for battery charging.  
 
 
   
 3.2.5 Generator 
 
The generator is sized to provide enough power to the rectifier bank, so in this case 
4.5kW so the smallest size for the generator commercially available would be 7.5kVA. 
So with the rectifier bank working at full capacity the generator will be loaded to 60%, 
this is an acceptable level.  
Table 3.3 Generator Specifications 
Model Type KVA Phase Volts Engine Fuel 
P7.5 – S2 Open 6.8 Single 240 
Perkins 
403D-
11G 
Diesel 
Data Taken from Generator Data Sheet – See Appendix C 
 
Table 3.2 Rectifier Specifications  
Specification Output Voltage OVP Setting Rated Output Current Ripple Efficiency 
Unit Volts Volts Amps mV p-p Percentage 
Condition Factory Set 
Adjustment 
Range 
Factory 
Set 50
oC 60oC 71oC Source 
max 
Switching 
Max 
100% 
Load 
HSP 48-30 48 33.3-59.2 62.4 30 22.5 14.3 20 60 85 
Data Taken from Kepco Rectifier Data Sheet – See Appendix B 
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 3.2.6 Case Study Approach 
 
To give a variation of solar resources it is proposed the evaluation sites are chosen 
from two extremes, northern Laos and southern Thailand. 
The details are listed below: 
Northern Laos location – Latitude 21° 35’ North, Longitude 102° 3’ East 
Southern Thailand Location - Latitude 7° 58' North, Longitude 98° 22' East 
 
Figure 3.2 shows the solar resource for the chosen location in Laos. The average solar 
insulation is 4.6 kWh/m2/day. A good solar resource fall between 4-7kWh/m2/day 
(Telecoms Renewable Energy Vendors/ESCOs Landscape in India 2011). There is a 
seasonal variation to the resource with peak months February to May which 
corresponds to the dry season in this area and corresponds with a higher clearness 
index. The overall clearness index in only average, around 0.5 which is indicative of 
tropical climates. Overall it is considered a good resource. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4  Solar Resource in Northern Laos 
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Figure 3.3 illustrates the solar resource of the chosen site in Thailand. The irradiation 
is good with an average just over 5 kWh/m2/d. There is very little seasonal variation 
with a small peak in the months from December to April which corresponds to a 
slightly higher clearness index and the regions dry season. The clearness index is 
relatively steady at 0.5 which is indicative of tropical climates. Overall it considered a 
good resource also.   
Figure 3.5  Solar Resource in Southern Thailand 
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 3.2.7 Cost of System Components 
The prices for system components was acquired from enquires to two companies one 
in Laos and the other in Thailand. The overall prices were very similar so a single cost 
per item was used. Also the final prices were rounded off for convenience. Prices are 
shown in Table 3.5    
 3.2.8 Homer Inputs, Controls and System Parameters 
Table 3.4 and 3.5 outlines the inputs, controls and equipment parameter used for this 
evaluation. 
 
Table 3.4 Homer Inputs and Controls 
Item Value Unit 
Economic Inputs 
Annual Real Interest Rate 10 % 
Project Life time 20 Years 
System Fixed Capital Costs 0 $ 
System Fixed O&M Costs 0 $ 
Capacity shortage penalty 0 $/kWh 
 
System Control Inputs 
Simulation Time step 60 Minutes 
Dispatch method Load following Unchecked Check box 
Dispatch method cycle charging Checked Check box 
Apply set point state of charge Unchecked - disabled Check box/% 
Generator control – Allow multiple 
Generators Checked Check box 
Generator control – Allow multiple 
generators to operator simultaneous Uncheck Check Box 
Generator control – Allow systems 
with generators capacity with less 
than peak load Uncheck Check box 
Other – Allow systems with two types 
of wind turbines Uncheck Check Box 
Other – Allow excess energy to serve 
thermal load Uncheck Check Box 
Other – Limit excess thermal Output Uncheck Check Box/% of Load 
   
Emission Input  
All left blank or zeroed (not 
considered)   
   
Constraints 
Maximum annual capacity Shortage 0 % 
Maximum Renewable fraction 0 % 
Operating Reserve – As a percentage 
of load – Hourly load 10 % 
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Table 3.4 Homer Inputs and Controls 
Item Value Unit 
Operating Reserve – As a percentage 
of load – Annual peak load 0 % 
Operating Reserve – As a percentage 
of renewable output – Solar power 
output 25 % 
Operating Reserve – As a percentage 
of renewable output – Wind Power 
output 0 % 
Primary Energy Savings Not Considered left unchecked  
   
Solar Resource  
See Figures 3.5 and 3.6   
   
Diesel Inputs 
Price  1.5 $/L 
Limit Consumption Not Ticked  
   
 
 
Table 3.5 Homer System Components 
Item Value Unit 
Diesel Generator 
Size 7.5 kW 
Capital 10,000 $ 
Replacement 10,000 $ 
O&M 0.50 $/Hour 
Size to Consider 7.5 kW 
Lifetime 15,000 Hours 
Minimum Load Ratio 30 % 
All Other setting Left to Default Various 
 
Primary Load 
See figure 3.4   
   
Converter 
Size 4.5 kW 
Capital 5000 $ 
Replacement 5000 $ 
O&M 50 $/Year 
Sizes to Consider 4.5 kW 
Inverter inputs – Lifetime 15 Years 
Inverter inputs – Efficiency 90 % 
Inverter can Operate Simultaneously 
with an AC generator Ticked Tick box 
Rectifier input – Capacity relative to 
inverter 100 % 
Rectifier Efficiency 80 % 
   
27 
 
Table 3.5 Homer System Components 
Item Value Unit 
PV 
Size 5 kW 
Capital 2500 $ 
Replacement 2500 $ 
O&M 100 $/Year 
Sizes to Consider 0 to 30 in increments of 1 kW 
Output current DC AC or DC 
Lifetime 20 Years 
Derating factor 80 % 
Slope Set to Latitude angle Degrees 
Azimuth 0 Degree W of S 
Ground reflectance 20 % 
Tracking system No Tracker  
Consider effect of temperature Not ticked Tick Box 
   
Battery 
Battery Type Hoppecke 10 OPzS 1000  
Quantity 1  
Cost 500 $ 
Replacement 500 $ 
O&M 2 $/Year 
Sizes to Consider 2 Strings 
Batteries per string 24 (48V Bus)  
Minimum battery life Un ticked – Not considered Tick box 
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Chapter 4 - Results 
 4.1 Baseline – Two Generators 
 
The baseline results is the traditional two generator solution, where one of the two 
generators is on all the time, cycling between each other. The estimated levelized cost 
of electricity (CoE) over the 20 year period is $2.05 per kWh and the capital outlay is 
$49,000. This shows that although the capital outlay is low the overall cost of 
electricity is expensive. The yearly running cost is $24,726 with the major expense 
being fuel, which is $15,287 per year followed by replacement costs of $5037 per year 
and operation and maintenance (O&M) of $4526 per year. These figures are 
summarised in Table 4.1 and Figure 4.1 shows the cash flow of the system. 
 
Table 4.1 Results – Summary Levelized Costs- Two Generator System 
Cost of 
Electricity 
$/kWh 
Capital 
Outlay 
Total 
Running 
Costs/Year 
Diesel 
Costs/Year 
Replacement 
Costs/Year 
O&M 
Costs/Year 
$2.05 $49,000 $24,726 $15,287 $5037 $4526 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Two Generator System – Cash Flow 
29 
 
 4.2 Results for Laos Case Study 
 
For Laos the optimized results is obtained by incorporating 12kWp of solar PV. The 
cost of electricity is only $0.58 per kWh and the initial capital outlay is higher at 
$63,000. Of the capital outlay the most expensive parts are the solar PV and the 
batteries both $24,000 each. What is vastly different is the ongoing costs compared 
with the baseline results. The overall yearly operating costs of $1209 which is made 
up of replacement costs of $630 per year, O&M is $498 and the fuel is $642 per year. 
The cost of replacement is associated with the converter in year 15 and the batteries in 
year 19. These lower cost means that the overall cost of electricity is very much lower 
even though the capital outlay is higher. Figure 4.2 shows the cash flow of the 
optimised system. 
 
Table 4.2 Results – Summary Levelized Costs – Laos Optimised System 
Cost of 
Electricity 
$/kWh 
Capital 
Outlay 
Total 
Running 
Costs/Year 
Diesel 
Costs/Year 
Replacement 
Costs/Year 
O&M 
Costs/Year 
$0.58 $63,000 $1209 $642 $630 $498 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.2 Laos Optimised System – Cash Flow 
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The proportion of electrical output of the PV and generator are 94% PV and 6% 
Generator, which shows the batteries are being utilized in times of no solar. Figure 4.3 
shows the electrical outputs of the PV and Generator. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 reflects that during months of good solar February to May the diesel 
generator is not used so much and the solar PV is supplying almost all the electrical 
input.  
 
  
Figure 4.3 Laos Optimised System – Electrical Production 
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The simulation suggests that the generator run time is only 225 hours per year. The 
fuel consumption is 428 Litres per year. It also claims that the operational life is 66.7 
years. Figure 4.4 shows the generator use. Note as expected it is used mostly during 
times of no sun and for short periods to charge batteries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.4 Laos Optimised System – Generator Use 
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The battery utilization in Figure 4.5 illustrates how the battery is being discharged and 
charged as well as the average State of Charge (SOC). It shows that the battery at 80% 
SOC most commonly followed by 30% (its lowest SOC) second of most commonly.  
It is possible to see the season variation in solar radiation in the monthly statistics as 
well as the battery state of charge. This is demonstrated by a consistently high average 
SOC especially during the daylight hours of February to April. Overall the batteries 
are being worked hard and it is very optimistic for homer to suggest that they will last 
18 years in practice.    
  Figure 4.5 Laos Optimised System – Battery Utilisation 
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 4.2 Results for Thailand Case Study 
 
As with Laos, the Thailand optimized results show that the most economical solution 
is to use 12kWp of solar PV. With Thailand though, the overall cost of electricity is 
slightly lower than Laos due to the solar resource being slightly better. The overall 
cost of electricity is $0.55 with the capital outlay of $63,000. The slightly lower cost 
of electricity is reflected in slightly lower ongoing costs i.e. Replacement is $629, 
O&M is $446 and fuel is $347. The replacement costs are again made up of the 
converter in year 15 and the batteries in year 19. Figure 4.6 displays the cash flow of 
the optimized solution. 
 
Table 4.3 Results – Summary Levelized Costs – Thailand Optimised System 
Cost of 
Electricity 
$/kWh 
Capital 
Outlay 
Total 
Running 
Costs/Year 
Diesel 
Costs/Year 
Replacement 
Costs/Year 
O&M 
Costs/Year 
$0.55 $63,000 $836 $347 $629 $446 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.6 Thailand Optimised System – Cash Flow 
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For Thailand the proportion of electrical output of the PV and generator are 97% PV 
and 3% generator, which shows that there is more solar energy available in Thailand. 
Figure 4.6 illustrations the electrical outputs of the PV and generator. It also reflects 
that during months of good solar January to April the diesel generator is not used so 
much and the solar PV is supplying almost all the electrical input.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Homer proposes that the generator run time is only 121 hours per year. The fuel 
consumption is only 231 litres per year. It also claims a high operational life, in this 
case 124 years. Figure 4.8 shows the generator use. Note as expected it is used mostly 
during times of no sun and for short periods to charge batteries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Thailand Optimised System – Electrical Production 
Figure 4.8 Thailand Optimised System – Generator Use 
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In Figure 4.9 the battery utilization for Thailand site is lustrated. The most common 
SOC is 80% but the 30% SOC is not as much as in Laos again due to the better solar 
irradiation. Again it is possible to see the season variation in solar radiation in the 
monthly statistics as well as the battery state of charge. This is demonstrated by a 
consistently high average SOC especially during the daylight hours of January through 
to April. As with Laos the batteries are being worked hard and Homer suggests that 
they will last 18 Years in practice.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4.3 Summary 
 
Table 4.4 Summary of Results 
Item Baseline – Two Generators Laos Thailand 
Levelized Cost of Electricity ($/kWh) $2.05 $0.58 $0.55 
Capital Expenses ($) $49,000 $63,000 $63,000 
Yearly Running Costs ($) $24,726 $1,209 $836 
Yearly Fuel Costs ($) $15,287 $642 $347 
Yearly Replacement Costs ($)  $5,037 $630 $629 
O&M ($) $4526 $498 $446 
Generator Run Time (Hours/year) 8760 225 121 
No. of Generator Starts 730 220 191 
PV Array Production (kW/h/year) - 16,937 (94%) 17,930 (97%) 
Generator Production (kW/h/year) 19,712 (100%) 1,173 (6%) 635 (3%) 
 
 
  
Figure 4.9 Thailand Optimised System – Battery Utilisation 
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Chapter 5 - Discussion 
 5.1 Sensitivity Analysis 
 
Through the use of sensitivity analysis it is possible to see how the systems would 
perform if certain variables were changed – simulating a truer situation. For example 
we want to consider how the system would operate in another country the only 
difference may be the solar resource, so we can simulate how the system would 
perform with varying solar radiation levels.  
With a sensitivity of fuel price it is possible to see how the systems would change if 
the fuel price was lower or higher simulating different countries with different fuel 
prices. Also it will simulate how an existing system performs economically if there 
was a change in the price of diesel through the project lifetime. With a sensitivity 
analysis of solar resource it is possible to see how the system might be altered in 
various locations with different solar resources. A sensitivity of load will highlight 
how the system would perform with different sizes of BTSs. 
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 5.1.1 Fuel Price 
 
If a sensitivity analysis is done on the price of fuel from $0.50 (less than half the 
normal cost) to $3.00 (double the normal cost) it is clear that the price of electricity 
goes up as the price of fuel increases. For the two generators system at $0.50 a litre the 
cost of electricity is $1.37 per kWh rising to $3.08 per kWh at $3.00 a litre. This is a 
great increase and demonstrates the reliance on fuel cost as diesel is the only source of 
energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Two Generator System – Sensitivity Analysis – Fuel Price 
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Figure 5.2 graph these findings for Laos optimised system. At $0.50 a litre the cost of 
electricity is $0.55 per kWh rising to just over $0.61 per kWh at $3.00 a litre. This is a 
minor increase compared with the two generator system demonstrating that the system 
is less reliant on diesel and thus its price. 
There is a shift in the amount of suggested solar PV; from a 11kW array to a 14kW 
array. As the higher price of fuel is suggesting that it is more economical to invest 
further in solar to save money.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.2 Laos Optimised System – Sensitivity Analysis – Fuel Price 
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If the existing system is used ie with a fixed array size of 12Wp the sensitivity graph is 
illustrated in Figure 5.3. 
Now it is possible to see the effect of fuel prices change after the system has been 
installed. The levelized cost of electricity at fuel price of $0.75 per litre (half the 
normal cost) is approx. $0.56 per kWh and at $3.00 per litre (double the normal cost) 
it is just over $0.62 per kWh. There is not a great deal of difference with the optimised 
system being $0.55 and $0.61 per kWh respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.3 Laos 12kWp PV System – Sensitivity Analysis – Fuel Price 
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Figure 5.4 graphs the results of sensitive analysis of fuel costs from $0.50 to 
$3.00/litre for the optimised system for Thailand site. Again as the price of fuel 
increases the levelised cost of electricity increases from approximately $0.53/kWh at 
$0.50 a litre to just over $0.57/kWh at $3.00 a litre, but again as per Laos it is not such 
a big increase. Again it suggest an increase in array size in line with increasing fuel 
price is suggested that the optimal solar array is 10kWp at diesel costs of $0.50 per 
litre rising to 13kWp at diesel costs of $3.00 per litre. 
The sharp increases in the size of the array would be smooth out if smaller increments 
of PV sizes were chosen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Thailand Optimised System – Sensitivity Analysis – Fuel Price 
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If the array size is fixed on 12Wp the sensitivity graph is illustrated in Figure 5.5. This 
shows the effect of changes in fuel prices after the system has been installed. The 
levelized cost of electricity at fuel price of $0.75/litre is approximately $0.54 per kWh 
and at $3.00/litre it is just below $0.58per kWh. There is not a great deal of difference 
with the optimised system being $0.53 and $0.57 per kWh respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Thailand 12kWp PV System – Sensitivity Analysis – Fuel Price 
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 5.1.2 Solar Resource 
 
Figure 5.6 graphs the sensitivity of solar is from 3kWh/m2/day to 7kWh/m2/day – a 
spread to take into consideration all solar resources in Asia. In general as the solar 
resource increases the cost of electricity decreases as there is less reliance on diesel 
generator and because of the greater solar resource there is less of a need for a larger 
PV array and cost associated with it. At 3kWh/m2/day the calculated cost of electricity 
is $0.70 per kWh decreasing to $0.51 per kWh at a solar resource of 7kWh/m2/day. 
This is a change of $0.05 per kWh which is a small change but shows that there is a 
decrease. 
Also as the solar resource increases the PV array sizes decreases in steps. At a solar 
resource of 3kWh/m2/day the suggested PV array is 18kWp whereas at a solar 
resource of 7kWh/m2/day this has dropped to 10kWp.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Laos and Thailand – Sensitivity Analysis – Solar Resource 
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 5.1.3 Load 
 
If loads of 20kWh/day to 80kWh/day are considered which correspond to BTS loads 
of 830W to 3.3kW the sensitivity analysis of the generator system shows that as the 
load increases the calculated cost of electricity decreases, so there is a scale of 
economy where as the size of the site, in terms of load, increases so the cost of 
electricity decreases. This must be due to the generator being driven at load in a more 
efficient region. Figure 5.7 illustrates this. In the case of low loads the cost of 
electricity is quite high so it seems that in very low loads the cost of supplying power 
to BTS sites are quite high.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.7 Laos – Sensitivity Analysis – Load - Generator 
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The sensitivity analysis of the PV system shows that as the load increases the 
calculated size of array increases, this is understandable. Also as the load increases the 
cost of electricity decreases as with the generator system, so there is a scale of 
economy again. Figure 5.8 illustrates this. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One thing to note as the load increases above 50kWh/day the levelised cost of 
electricity (CoE) slowly decreases and the benefits are not so great for Solar. Table 5.1 
illustrates this.  
  
Table 5.1 Sensitivity Analysis – Load above 50kWh 
Load 
kWh/day 50 55 60 65 70 75 80 
CoE 
Generator 
System 
$1.71 $1.59 $1.50 $1.42 $1.35 $1.29 $1.23 
CoE 
PV 
System 
$0.51 $0.50 $0.50 $0.49 $0.49 $0.49 $0.48 
Figure 5.8 Laos – Sensitivity Analysis – Load – Solar PV 
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Chapter 6 - Conclusion 
From the results it is clear that introducing solar PV into the power system and 
decreasing the reliance on diesel fuel is of great benefit to the overall cost of 
electricity. Although the capital cost are more expensive using solar PV this is 
outweighed by the lower operating and fuel costs.  
With the baseline – two generators, the levelised cost of electricity is a high $2.05 per 
kWh. This is reduced to around $0.51-$0.70 when an optimised PV array is used 
depending upon solar resource. At 3 kWh/m2/day the calculated cost of electricity is 
$0.70 per kWh decreasing to $0.51 per kWh at a solar resource of 7kWh/m2/day, 
demonstrating that an increase in solar resource has a direct impact on the overall price 
of electricity – as solar resource increases the price of electricity decreases. Also this 
demonstrates that even at an average solar resource the PV system is still more cost 
effective. 
With the optimised systems using PV the generator is rarely used. It is surmised that 
the generator is used just topping up batteries when there is no solar. It is used less 
than 250 hours per year so this would save on visits to sites for generator maintenance. 
This means that the system would work at a greater anatomy. 
With the sensitivity analysis of price of diesel it shows that there is a great reliance on 
diesel costs for the generator only system and very marginal for the PV system. The 
two generator system showed that an increase from the a nominal price of $1.50 to 
$3.00 per litre would equate to an increase of $1.03 per kWh but the solar PV systems 
the difference over this change would only be $0.04 kWh for Laos and $0.03 kWh for 
Thailand. 
The sensitivity analysis of the load demonstrated that there is a scale of economy 
where as the size of the site, in terms of load, increases so the levelised cost of 
electricity decreases. 
Another advantage of the PV system not mentioned in paper is the environmental 
benefit; it is shown that with the PV system the run time of the diesel generator is 
greatly reduced to the extent that it is rarely used, so the pollution due to diesel use is 
reduced significantly. 
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So to conclude it seems that installing solar PV has great benefit to the overall running 
costs of the system and although the capital expensive is higher this is outweighed by 
the greatly lower operating and fuel costs. So with Asia’s good solar resource it is 
beneficial to consider solar PV for BTS in the region.   
Further research would include a detailed analysis of the relationship between the 
variation in cost of diesel to the overall cost of electricity and more research into the 
solar resources in Laos and Thailand and how this equates to the cost effectiveness of 
the PV system. It would have been good to have done a sensitivity analysis of changes 
in fuel prices due to delivery costs throughout the year – taking into consideration wet 
season issues with delivering fuel for example. It would be beneficial to look at the 
payback period of such PV systems compared to diesel generator systems. Also what 
would be useful would be the analysis of environmental savings of the PV system, 
looking at the amount of greenhouse gases abated.  
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Appendix 
 Appendix A – Battery Data Sheet 
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 Appendix B – Rectifier Data Sheet 
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 Appendix C – Generator Data Sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
